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Introduction
Reward processing is a critical component of adaptive functioning and plays a key role in hedonic feelings and learning from past experience. Accordingly, alterations in reward processing have been implicated in several different classes of psychiatric disorders, particularly addictions. Accumulating evidence suggests that the corticostriatal neural network, including the striatum, ventromedial prefrontal cortex (vmPFC) and adjacent orbitofrontal cortex, plays a key role in neural reward processing (Clithero and Rangel, 2014) and that aberrant corticostriatal reward processing may partially underlie maladaptive behaviors such as continued substance-use (Volkow and Morales, 2015) .
Congruently, several classic theories of substance use disorders (SUDs) identify altered reward processing as a key element underlying the development and maintenance of addictions. For example, reward deficiency syndrome (Blum et al., 2000) proposes that blunted neural response to reward might serve as a risk factor for initiating addictive behaviors due to seeking of pleasant sensations. Alternatively, reward hypersensitivity theory (Hommer et al., 2011) suggests that hypersensitivity of neural reward circuitry may put certain individuals at higher risk for addiction. Further still, incentive sensitization theory (Robinson and Berridge, 1993) proposes that extended substance use may impact reward function by enhancing the salience of cues predicting drug rewards while non-drug rewards become relatively less reinforcing.
A key challenge for evaluating these existing theories lies in the fact that most drugs of abuse strongly impact dopamine release (Nutt et al., 2015) and neural reward circuit functioning (Clark et al., 2018) . Therefore, in the context of SUDs, it is difficult to determine whether reward processing dysfunction is mainly caused by exposure to an exogenous drug or else is a general feature of addiction. Behavioral addictions therefore offer a unique window into the underlying neurobiology of addiction without the confound of substance exposure .
Within this context, previous studies have examined monetary reward processing in gambling disorder, a canonical behavioral addiction (Balodis and Potenza, 2015; Clark et al., 2018; Luijten et al., 2017) . However, it should be noted that money is an addiction-relevant stimulus for gambling disorder (Luijten et al., 2017) . Thus, assessment of monetary reward processing in other types of behavioral addictions is needed to determine the extent to which alterations in reward processing may be a general feature of addiction independent of 6 prolonged drug exposure or in response to addiction-relevant cues. Here, we assessed reward processing using a monetary incentive delay (MID) task among young adults with internet gaming disorder (IGD).
IGD is included in the current version of the DSM-5 as a candidate behavioral addiction warranting further study, in large part because it shares several clinical symptoms with SUDs, including craving, tolerance, and continued use/engagement despite severe negative consequences (American Psychiatric Association, 2013) . Existing evidence shows alterations in value-based decision-making (Ko et al., 2017; Yao et al., 2015) and related neural activity in frontal and striatal regions in IGD (Dong et al., 2011; Liu et al., 2017b; Seok et al., 2015; Wei et al., 2017; Weinstein et al., 2017) . However, reward-processing independent of decision-making in IGD still remains to be examined. In addition, studies parsing distinct components of reward processing, such as valence (e.g., gains and losses) and stage (e.g., anticipation and outcome) (Clark et al., 2018) , are needed to gain a more precise understanding of monetary reward processing in IGD.
In the current study, we compared neural responses to monetary gains and losses between individuals with IGD and healthy controls (HC) using a MID task (Andrews et al., 7 2011) , which separates valence and phase of reward processing. As this task only requires a simple motor response, it enables examination of different components of monetary reward processing without the interference of other cognitive functions such as learning and decision-making (Balodis and Potenza, 2015) . Based on the above mentioned findings using value-based decision-making tasks in IGD (Dong et al., 2011; Liu et al., 2017a; Seok et al., 2015) , and consistent with neural reward alterations reported in SUDs (Luijten et al., 2017) , we hypothesized that individuals with IGD would show altered neural responses during the anticipation and receipt of rewards and losses in relevant brain regions, such as the striatum and vmPFC.
Methods

Participants
Participants were recruited via advertisements in Beijing, China. Potential participants first completed an online questionnaire including demographic information, as well as questions regarding their internet and substance use. Individuals who appeared eligible based on the online questionnaire were then invited to the behavioral laboratory to participate in a clinical interview. Presence or absence of IGD was determined by DSM-5 diagnostic criteria, and other psychiatric disorders were assessed using the MINI International Neuropsychiatric Interview (Sheehan et al., 1998) . The inclusion criteria for the IGD group were: (1) meeting at least 5 DSM-5 IGD criteria (Ko et al., 2014) ; (2) playing one online game for at least 20 hours per week; and (3) scoring at least 50 on Young's Internet addiction test (IAT) (Young, 2009 ). The inclusion criteria for the HC group were: (1) no DSM-5 diagnosis of IGD; (2) never or occasional engaging (< 2 h per week) in internet gaming and (3) scoring less than 50 on the IAT. Participants with a history of brain injury, SUDs, gambling disorder, and other psychiatric disorders were excluded from both groups.
A total of 28 male young adults with IGD and 30 age-and sex-matched healthy control (HC) participants underwent fMRI scanning. fMRI data from 5 IGD and 3 HC participants was excluded due to excess head motion (i.e., > 3mm of displacement of 3 degrees of rotation in any of the six head motion parameters from realignment in both runs of the task), and behavioral data from 1 IGD participant was not recorded due to a computer crash. Therefore, a final sample of 22 IGD and 27 HC participants was included in the current analyses. Participants' demographics are shown in Table 1 . This study complied with the 9 Declaration of Helsinki and was approved by the Institutional Review Board of the State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University. All participants provided written informed consent and received financial compensation for their participation.
MID task
The version of the MID task used in this study was modified from the paradigm developed by Knutson et al. (Knutson et al., 2001) and has been widely used in previous studies measuring reward function in substance and gambling disorders (Andrews et al., 2011; Balodis and Potenza, 2015; Yip et al., 2016) . As shown in Figure 1 , at the start of each trial, participants were presented with a cue (anticipation stage) indicating an amount of money to be won or lost (e.g., 'WIN 5' or 'LOSE 1', range: 0, 1, or 5), followed by a fixation cross.
Participants were then presented with a target stimulus. In order to win (or avoid losing) money on each trial, participants need to respond with a single button press before the disappearance of the target. The duration of the target is individually calibrated based on practice data to maintain accuracy around 67%. Following the target and another fixation cross, participants then received feedback about their response (outcome stage). The task includes 2 runs, each with 11 trials for each combination of valence (win or loss) and magnitude (1 or 5), as well as 11 neutral trials (win or loss 0), resulting in a total of 110 trials.
The task was presented using E-prime 2.0 and each run was approximately 12 minutes (Andrews et al., 2011) . To motivate participants, they were explicitly told that they could get the total amount of money earned as a bonus in Chinese Yuan (CNY) after finishing the task.
Behavioral data analyses
Between-group differences in demographics, internet gaming characteristics, clinical measures, and total amount of money earned during the MID task were assessed using independent t-tests. An analysis of variance (ANOVA) with repeated measures on response time (RT) on the MID task was conducted with group (IGD and HC) as a between-subject variable and valence (win/loss) and magnitude (0, 1, 5) as within-subject variables. Analyses were conducted using R (https://www.r-project.org/) and JASP (https://jasp-stats.org). 
Imaging data acquisition
Image data preprocessing and analyses
Preprocessing was conducted using SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and DPABI (Yan et al., 2016) .
Functional data were realigned, coregistered with the structural images, segmented and normalized to Montreal Neurological Institute (MNI) standard space, and smoothed with a 6mm full-width-half-maximum (FWHM) Gaussian kernel. A general linear model (GLM) was used to examine the neural activity related to reward processing for different valences and stages. Four event regressors were modeled using a canonical hemodynamic response function for: gain anticipation, loss anticipation, gain receipt, and loss receipt. In addition, a parametric modulator was included for each event.
These parametric modulators modelled the neural activity associated with the absolute value of potential gains or losses (0, 1, or 5) during anticipation stages, and with the absolute value of received gains or losses (0, 1, or 5) during outcome stages, respectively. Ineffective trials (i.e., those without any response) and response stage (i.e., target responses) of effective trials were modelled separately as regressors of no interest. Six parameters of head motion from realignment were also included in the GLM as covariates of no interest. Primary analyses were performed on results from the modulated regressors. Specifically, coefficients of parametric modulators were estimated at the individual level and then taken to group-level random-effect analyses. One-sample t-tests were used to examine the neural activity associated with parametric modulators in IGD and HC groups respectively. Two-sample t-tests were used to examine between-group differences. The whole-brain unthresholded statistical maps are available at NeuroVault (https://identifiers.org/neurovault.collection:6215).
Given their critical roles in reward processing, the striatum and vmPFC were chosen 13 as our two a priori regions of interest (ROI) (Clark et al., 2018; Clithero and Rangel, 2014; Sescousse et al., 2013) . The striatum mask was created by combining the bilateral nucleus accumbens, caudate, and putamen, based on the Harvard-Oxford structural atlas quantifies the relative support for the H1, compared to the H0, given the data. By convention, BF 10 scores between 1 and 3 and those above 3 denote anecdotal or noteworthy evidence for H1 over H0, respectively, and BF 10 scores below 1 suggest that H0 is more supported by the data than the H1 (Wagenmakers et al., 2017) .
Exploratory whole-brain analyses were also conducted using a voxel-level uncorrected threshold of p < 0.001 combined with a cluster-level FWE corrected threshold of p < 0.05 by the means of Gaussian Random Field Theory (GRFT). Finally, for any significant result revealed by the two-sample t-tests, parametric estimates in the identified region (with the peak point as the center and a radius of 6mm) were extracted, and Pearson correlation analysis was used to examine its association with IGD severity within the IGD group.
Results
Behavioral results
As shown in Figure 1 , there was a significant main effect of potential reward magnitude on reaction times (F (2, 94) = 24.14，p < 0.001, partial η 2 = 0.34). Post-hoc tests indicate that participants responded to the target significantly faster in 5 CNY and 1 CNY relative to neutral (0 CNY) trials. Moreover, we found a significant interaction between valence and magnitude (F (2, 94) = 3.32，p = 0.04, partial η 2 = 0.06), which is mainly driven by a quicker response in loss 0 CNY than gain 0 CNY trials. However, neither the main effect of group (F (1, 47) = 0.02，p = 0.89, partial η 2 < 0.001), nor any interaction effect with group reached significance (ps > 0.2). Moreover, IGD and HC groups obtained similar total amount of money earned during the task (t (47) = 0.29, p = 0.77, Cohen's d = 0.08). These results 15 suggest that individuals with IGD showed comparable behavioral performance on the MID task with healthy controls.
Imaging results
Within group results
We first examined neural activity modulated by the magnitude of gain or loss in the HC group. HC participants showed significant positive neural correlates of the magnitude of anticipated gains in the vmPFC, precentral gyrus, and supplementary motor area, and negative neural correlates of the magnitude of anticipated losses in the insula, prefrontal and parietal cortices. During outcome stages, HC participants showed positive neural correlates of the magnitude of received gains and losses in the striatum and several prefrontal regions (Table S1 ). The same analyses were also conducted within the IGD group. Neural correlates of gain magnitude at the outcome stage were similar to the HC group; however, the IGD group did not show significant neural activity associated with parametric modulators during gain anticipation, loss anticipation, or loss receipt. (Table S2 ).
Between-group results
Next, we examined between-group differences in neural activity modulated by parametric regressors for different valences and stages. We found that, the IGD group showed lower neural activity associated with the magnitude of received losses in the right caudate (MNI coordinates: 15, 3, 18, t = -4.16, p svc = 0.035, BF 10 = 127.904) compared to the HC group ( Figure 2 ). Follow-up correlations indicated no significant associations between parameter estimates from the right caudate and addiction severity (i.e., YIAS scores) in the IGD group.
The IGD and HC groups did not show significantly different striatal or vmPFC activity modulated by the magnitude of anticipated gains, anticipated losses, or received gains. The BF 10 scores for between-group differences in parameter estimates of modulators during these three stages were 0.286, 0.715, and 0.387 for the striatum, and 0.353, 0.290, and 0.288 for the vmPFC, respectively, suggesting moderate or small support for the null hypotheses that these two groups showed similar striatal and vmPFC activity associated with parametric modulators at gain anticipation, loss anticipation, and gain receipt. (Figure 3 ).
Whole-brain analyses using our a voxel-level uncorrected threshold of p < 0.001 combined with a cluster-level family-wise error (FWE) corrected threshold of p < 0.05 indicated no other significant between-group differences.
Discussion
This study used a modified MID task to test whether reward processing is altered among individuals with IGD, relative to healthy controls. The IGD group showed blunted striatal activity associated with the magnitude of received losses relative to controls. However, contrary to our hypothesis, the IGD and HC groups exhibited similar neural activity modulated by the magnitude of anticipated or received gains. These findings suggest that reduced sensitivity to the experience of negative events might be a critical feature of IGD.
Furthermore, this pattern of results also indicates that overall deficits in reward processing in IGD (and possibly other behavioral addictions) may be less evident relative to SUDs.
Processing of negative outcomes, including monetary losses, is crucial for changing maladaptive behaviors and preventing the development of bad habits (Cohen et al., 2009; Ersche et al., 2016) , and healthy individuals are typically very sensitive to the experience of negative outcomes. In the current study, we found that, compared to healthy controls, IGD participants showed blunted neural activity associated with the magnitude of received losses in the right caudate, which is part of the dorsal striatum and critically involved in processing the salience of rewards (Bartra et al., 2013) . Prior work indicates hypoactivation of the anterior cingulate cortex, another key region of the salience network (Alexander et al., 2015) , in IGD participants when losing money during risky decision-making (Dong et al., 2011) .
Moreover, individuals with IGD also exhibited lower neural correlates of risk levels in the frontoparietal network during decision-making involving in losses (Liu et al., 2017a) . These findings converge to suggest that reduced sensitivity to loss may be a core feature associated with IGD.
Insensitivity to losses at the outcome stage has also been shown in other addictions in studies using similar paradigms. For example, individuals with gambling disorder showed lower activation in the ventral striatum, insula, and frontal and temporal regions when receiving losses compared to healthy controls (Balodis et al., 2012) . Similarly, reduced loss-related activity in the insula and prefrontal regions has been reported in individuals with binge eating disorder (Balodis et al., 2013) . Moreover, reduced activation of the amygdala at the loss receipt stage was observed in individuals with a family history of alcoholism (Andrews et al., 2011) . Taken together, reduced sensitivity to losses at the outcome stage appears to be a general feature across different addictions (Fauth-Bühler and Mann, 2017) .
However, affected brain regions do not converge to the caudate, which may be related to the state of addiction or contextual factors (Wilson et al., 2008) , and more evidence is required to elucidate the role of the caudate in loss processing in individuals with IGD.
Alterations in positive reward processing (e.g., monetary gains) have been proposed to play a critical role in the psychopathology of addictive disorders by some classic theories (Blum et al., 2000; Hommer et al., 2011) and are consistently observed in SUDs (Luijten et al., 2017) . Some studies suggested that IGD is also associated with such deficit (Dong et al., 2011; Liu et al., 2017a; Qi et al., 2016; Wang et al., 2016) . For example, individuals with IGD relative to controls showed higher activation in the orbitofrontal cortex when receiving monetary gains (Dong et al., 2011) and higher activation in the superior frontal gyrus after continuous wins . By comparison, another study found hypoactivation of the insula, medial frontal gyrus, and precentral gyrus during monetary feedback processing in individuals with IGD (Kim et al., 2014) . Contrary to previous studies and our hypotheses, we did not find any significant between-group difference in neural 20 correlates of gain magnitude during anticipation or outcome stage. Bayesian analyses also indicate stronger evidence for the null hypotheses that the IGD and HC groups did not differ in striatal and vmPFC activity associated with the magnitude of anticipated or received gains.
One possible reason for the inconsistency is that most of previous studies mentioned above used monetary decision-making paradigms, in which reward processing is difficult to be dissociated from other cognitive processes (e.g., risk evaluation). Thus, it is also understandable that the affected brain regions and directionality across these studies are relatively heterogeneous. Although direct comparisons are still needed to test the speculation, the lack of differences in gain processing between the IGD and HC groups might suggest that, in the absence of prolonged exposure to exogenous drugs with potential dopaminergic effects, gain-related reward processing is less impaired in IGD than SUDs.
The current study has several theoretical implications: first, as individuals with IGD did not exhibit significant neural alterations related to gain processing as proposed by some classic theories of SUDs (Blum et al., 2000; Hommer et al., 2011) , it is important to exercise caution in applying these theories to the filed of IGD. New theories of the neurobiological basis of IGD need to incorporate potential distinctions in gain processing between individuals 21 with IGD and those with SUDs. Second, whereas existing theories of IGD focus predominantly on gain processing and largely neglect loss processing, reduced sensitivity to monetary losses and other negative experience seems to be a general feature that characterizes different types of addictive disorders, including SUDs, gambling disorder, and IGD (Balodis et al., 2012; Ersche et al., 2016; Fauth-Bühler and Mann, 2017; Yao et al., 2015; Yip et al., 2018) . Therefore, a greater consideration of this aspect of reward processing might be valuable for both neurobiological and clinical research in the field of IGD. Finally, as reward processing is a multifaceted complex process, the use of multi-dimensional assessments (e.g., assessing reward and loss across different contexts) may be helpful in providing additional insight into its mechanisms in addictive disorders, such as IGD .
This study has some limitations. First, we only included male participants. While IGD is significantly more prevalent among men versus women, further work to extend these findings to female populations is needed. Second, in order to examine relatively pure reward processing in IGD, we minimized the interactions between reward processing and other cognitive functions by using the MID task. Thus, our findings may not generalize to other more complex contexts involving reward processing, such as reinforcement learning and value-based decision-making (Keiflin and Janak, 2015) . Moreover, we did not observe any between-group differences in experiment performance, partly because the MID task has been designed to minimize individual differences in some behavioral measurements (e.g., accuracy). Thus, other paradigms designed for detection of behavioral differences may be needed to link reward-related behavioral alterations more explicitly to neural responses in IGD. Finally, this study did not examine reward processing for gaming-related stimuli. In previous studies, individuals with IGD consistently show enhanced reward responses to gaming-related cues or rewards (Brand et al., 2019; Ko et al., 2013; Liu et al., 2017b) . Thus, a critical future direction will be to directly compare activity in response to non-gaming and gaming-specific stimuli within the same sample of individuals with IGD.
Conclusions
In summary, this study systematically examined neural responses associated with monetary gain and loss processing at anticipation and outcome stages. Participants with IGD mainly showed blunted neural sensitivity to loss magnitude at the outcome stage, but did not 23 differ in gain processing compared to healthy controls. These findings suggest that reward processing deficits in IGD might be dominant in loss domain, which may be helpful for both theory update and treatment development in this field. 
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